Proteinase 3C of hepatitis A virus (HAV) plays a key role in the viral life cycle by generating mature viral proteins from the precursor polyprotein. Besides its proteolytic activity, 3C binds to viral RNA, and thus influences viral genome replication. In order to investigate the interplay between proteolytic activity and RNA binding on the molecular level, we subjected HAV 3C and three variants carrying mutations of the cysteine residues (C24S, C172A, and C24S/C172A) to proteolysis assays with peptide substrates, and to surface plasmon resonance binding studies with peptides and viral RNA. We report that the enzyme readily forms dimers 
SYNOPSIS
Proteinase 3C of hepatitis A virus (HAV) plays a key role in the viral life cycle by generating mature viral proteins from the precursor polyprotein. Besides its proteolytic activity, 3C binds to viral RNA, and thus influences viral genome replication. In order to investigate the interplay between proteolytic activity and RNA binding on the molecular level, we subjected HAV 3C and three variants carrying mutations of the cysteine residues (C24S, C172A, and C24S/C172A) to proteolysis assays with peptide substrates, and to surface plasmon resonance binding studies with peptides and viral RNA. We report that the enzyme readily forms dimers 
INTRODUCTION
3C proteinases of picornaviruses (picornain 3C, EC 3.4.22.28) form a unique class of cysteine proteinases with a three-dimensional structure similar to that of chymotrypsin. As the major virus-encoded proteinase, 3C catalyzes the cleavage of the polyprotein that is translated from the viral RNA. By its ability to liberate intermediate and mature viral proteins, 3C is a key player in the gene expression strategy of picornaviruses, and has been identified as a promising target for specific antiviral therapies of infections with picornaviruses, such as coxsackievirus, poliovirus, rhinovirus, and hepatitis A virus (HAV) [1, 2] . Proteinase 3C maps to the P3 domain of the viral polyprotein, and is flanked by the RNA-dependent RNA polymerase 3D
and the membrane-targeted primer protein 3AB. As an integral part of the polyprotein, proteinase 3C cleaves at eight specific sites in the viral polyprotein ( Fig. 1) , and thus initiates both, assembly of the viral capsid, and the formation of the viral replication complex that is formed by proteins of the P2 and P3 domains, and that catalyzes viral genome synthesis. In order to compensate for its restricted coding capacity, multiple functions are performed by individual portions of the picornaviral polyprotein. The activity and specificity of 3C
proteinases is modulated by viral cofactors either covalently linked to 3C, e.g. 3AB or 3D, or specifically interacting with the proteinase [3, 4] .
The three-dimensional structures of 3C of various picornaviruses were determined by X-ray diffraction and found to be related to the chymotrypsin-like serine proteinases [5 -11] .
3C proteinases that fold into a two-domain ß-barrel structure display a thiol function of a cysteine residue as the active site nucleophile. Due to the shallow and possibly more flexible substrate-binding groove of HAV 3C, it might have a wider substrate specificity than, e.g.
poliovirus 3C [5 -9] . Interestingly, it has been reported recently that HAV 3C differs from poliovirus 3C in its rapid degradation by the ubiquitin/proteasome system that might explain its low concentration in HAV infected cells [12] .
In addition to its proteolytic activity, the ability to specifically bind viral RNA is unique to picornaviral proteinase 3C (and its precursors) and has attracted much attention for its role in viral RNA genome replication. For poliovirus 3C, the RNA binding site has been mapped to the highly conserved amino acid motif KFRDI [13, 14] that is also present in HAV 3C located on the side opposite to the active site of the enzyme. The secondary structures formed at the 5´-end of the genomes of poliovirus, rhinovirus, and HAV were identified as specific RNA ligands [13 -17] . Structural prerequisites for both viral RNA and 3C have been defined, and the role of the RNA-3C interaction in regulating viral RNA synthesis has been shown for poliovirus [13, 14] . During the viral replication cycle, the positive-stranded picornaviral genome first serves as template for translation, before it is used as template for RNA synthesis.
For poliovirus, it is now assumed that by binding to the 5´-end of the viral genome, 3C in its precursor form 3CD is involved in the switch from translation to RNA synthesis, two processes that use the same RNA template, yet in opposite directions [15] . Although 3C substrate specificity and cleavage activity, as well as the interaction with viral RNA has been studied in some detail for 3C of various picornaviruses, including HAV, fundamental questions on the molecular requirements for both functions remain to be addressed [16 -20] The comprehensive characterization of the multiple functions of 3C is of prime importance for the understanding of the finely tuned steps of protein and RNA synthesis in the viral life cycle. Our initial experiments were therefore aimed at characterizing HAV 3C
binding to viral RNA and substrate peptides, and to investigate the interplay of proteolytic and RNA binding activity of HAV 3C at the molecular level. We now assessed 3C binding to substrate peptides and to RNA using surface plasmon resonance (SPR). In this biosensor analysis, complex formation is monitored with one binding partner immobilized onto the sensor chip, and the other component being passed over the chip surface in an aqueous buffer [21] . As one advantage, this assay format allows the detection of low-affinity, or transient interactions with K D -values in the mM range [22] . In addition, minimal amounts of the immobilized component are required. Wild type HAV 3C and three mutants were used in combination with synthetic peptides representing the proteolytic cleavage sites, and synthetic RNA representing the 5'-end of the viral genome. Surprisingly, large differences were identified for the RNA binding affinity of wild type and mutant enzyme. Furthermore, the effect of peptide binding on the RNA binding affinity of HAV 3C was assessed. 3C binding to RNA was significantly improved by substrate peptides. The potential biological implications of these observations are discussed.
kindly provided by J. Vederas. Recombinant proteins were expressed in E. coli XL-2 and purified as described earlier [18, 23, 24] . The final protein concentration was 0.5 to 1 mg/ml.
The proteins were stored at -70°C in buffer containing 6 mM DTT. While for storage the presence of DTT was important, for SPR experiments it was necessary to transfer purified 3C
to a DTT-free buffer prior to its immobilization on the CM5-chip. The purified protein was transferred into degassed HM buffer (10 mM Hepes, pH 7.4, 150 mM NaCl, 6 mM MgCl 2 ) using a Vivaspin concentrator 3C dimerization was checked by SDS-PAGE (12%) under reducing and non-reducing conditions.
Surface plasmon resonance analysis to determine peptide binding to immobilized 3C
All experiments were performed at 25°C on the Biacore 3000™. 3000 -4000 response units (RU) of DTT-free preparations of recombinant 3C were immobilized on a CM5-chip (Biacore)
at a flow rate of 5 µl/min after the dextran matrix had been activated for 20 min with
according to the manufacturer. Peptide analytes Ac-ELRTQ-pNA and Ac-LRTQ-pNA were diluted in HMD (HM buffer containing 6 mM DTT) at various concentrations (0.025 to 8 mM). Data were analyzed and simulated using the BIAevaluation software 3.2.
Synthesis of peptides and 3C activity assay
Ac-ELRTQ-pNA was synthesized using a Fmoc-based solid-phase synthesis strategy as described [25] . The other peptides (Ac-LRTQ-amide, Ac-LAAQ-OH, Ac-ELRTQSFS-amide, Ac-ARTQSFSN-amide, Ac-LRTQFSFN-OH, Ac-WRTQFSFNL-OH, Ac-LRTQSGSNL-OH, Ac-ARTQSFSNL-OH, and H 2 N-PGRAF-OH) were synthesized on a peptide synthesizer (Advanced Chem Tech) by solid phase synthesis using the Fmoc strategy. The proteolytic activity of the recombinant proteins was determined in a multiwell-plate with Ac-ELRTQ-pNA as substrate. The amino acid sequence ELRTQ is part of the natural 3C cleavage sequence at the 2B/2C site in the P2 domain of the polyprotein ( Fig. 1; 19 ). The optical density (OD) at 405 nm was monitored over 6 min at room temperature. For inhibition studies, 10 mM leupeptin (Bachem), a reversible inhibitor of cysteine proteinases, and 1 mM peptides (Ac-LRTQ-OH, Ac-LAAQ-OH, Ac-ELRTQSFS-NH 2 , Ac-ARTQSFSN-NH 2 , or H 2 N-PGRAF-OH)
were added to a solution of 3C (3 µM) in assay buffer containing 6 mM DTT.
Preparation and infectivity of the full-length HAV RNA containing the C24S mutation
A cDNA construct containing the full-length HAV genome with the C24S mutation in 3C was prepared by two-primer PCR-based site-directed mutagenesis (QuikChange, Stratagene) using appropriate primers. The sequence of the mutated region was verified (AGOWA, Berlin, Germany). Synthetic in vitro transcripts of the wild type construct and the 3C C24S mutant were transfected into Huh7 cells as described [4] . To determine the nucleotide sequence of the rescued virus, viral RNA obtained after the second cell culture passage was reverse-transcribed and PCR-amplified with HAV 3C specific primers. The RT-PCR amplification product was used for nucleotide sequencing.
RNA in vitro transcripts, RNA 3´biotinylation and interaction with 3C
Radioactively labeled and unlabelled run-off HAV RNA transcripts (RNA1-148 and RNA46-148) were prepared from linearized plasmids as described previously [16] . RNA-interaction of reduced and non-reduced HAV 3C was assessed by electrophoretic mobility shift assays (EMSA) with RNA1-148 [16] . In vitro transcripts of HAV RNA1-148 and RNA46-148 were biotinylated at their 3´end by periodate oxidation as described [26, 27] . The amount and purity of biotinylated RNA was checked by gel shift experiments on a 0.8% agarose gel using streptavidin as ligand. Between 20 and 50% of the RNA was found to be biotinylated. The final concentration of biotinylated RNA1-148 and RNA46-148 was 7 µM and 3 µM, respectively.
SPR analysis with immobilized RNA
Biotinylated RNA was immobilized on a streptavidin-coated sensor chip (SA-chip, Biacore).
Before immobilization, the SA chip was treated 3 times for 60 sec with 1 M NaCl in 50 mM NaOH at a flow rate of 5 µl/min. For immobilization, 14 -30 nM solutions of biotinylated RNA in immobilization buffer (10 mM Hepes, pH 6.8, 600 mM NaCl, 1 mM EDTA) were injected, until 800 -1000 response units (RU) were obtained. Saturation of residual free streptavidin binding sites was achieved with a 0.4% solution of biotin. Recombinant proteins (analytes) were prepared immediately before use by diluting them in HM or HMD. Samples were injected for 300 s, the dissociation time was 300 s. Binding efficiency of the regenerated RNA chip was tested by reprobing with 3C. The RNA chip was used for about 100 injections.
The data were analyzed with the BIAevaluation software version 3.2.
Binding of 3C-peptide complexes to immobilized RNA
Binding of 3C (0.4 µM) to immobilized RNA1-148 in the presence of up to a 500-fold molar excess of peptide (Ac-LRTQ-amide, Ac-ARTQSFSN-amide, Ac-LAAQ-OH; and H 2 N-PGRAF-OH as negative control) was compared to direct binding of the 1 to 2 mM peptide solution to the RNA chip.
Saturation transfer difference NMR experiments and molecular modeling
Saturation transfer difference (STD) NMR spectra were performed as described at temperatures ranging from 278 to 310 K on a 500 and a 700 MHz Bruker DRX spectrometer utilizing the C24S/C172A mutant as protein target [29, 30] . Samples contained between 10 µM and 20 µM mutant 3C and peptide ligands at concentrations between 200 µM and 4 mM. A deuterated 20 mM Tris-buffer with a pH of 7.4 was used for all experiments. The following peptides were used as ligands at a 10 to 100 -fold molar excess: Ac-LRTQpNA, Ac-LAAQ-OH, Ac-LRTQFSFN-OH, Ac-WRTQFSFNL-OH, Ac-LRTQSGSNL-OH, Ac-ARTQSFSNL-OH. For modeling, the structural data of HAV 3C obtained by X-ray analysis were used [7] .
The crystal structure data (acquisition code 1QA7) displays four monomeric 3C molecules A- 
RESULTS

Characterization of recombinant 3C mutants
In order to study the proteolytic activity and the RNA binding properties of wild type HAV 3C
and their potential interplay, we included three mutants in our experiments next to the wild type enzyme. The catalytically inactive mutant C172A carries an Ala in place of the active site Cys. The catalytically active single mutant C24S and the catalytically inactive double mutant C24S/C172A both lack the surface exposed thiol group in position 24 that is not conserved among the picornaviral proteinases. They allow a correlation of functional data with the threedimensional structure of HAV 3C obtained from X-ray crystallography [6 -8] . To assess the purity and the oligomeric status of the enzymes, recombinant 3C proteins purified by ion exchange chromatography were first analyzed by SDS-PAGE under reducing and non-reducing conditions, employing Coomassie or silver staining. Whereas all 3C variants migrated with the expected MW of 24 kDa under reducing conditions (data not shown), the formation of dimers was observed under non-reducing conditions (Fig. 2) . Both forms of 3C lacking the surface-exposed Cys residue (C24S and C24S/C172A) migrated as monomers under non-reducing conditions ( Fig. 2A, lanes 3 and 4) . For the preparation of sensor chips, only freshly prepared proteins with minimal amounts of dimerized proteins were used (see below). After prolonged storage (Fig. 2B) , the proteolytically inactive 3C mutant (C172A) was predominantly in its dimeric form (Fig. 2B, lane 2) . After storage of wild type 3C for 10 days at 4°C, approximately 50% of the molecules were converted into dimers (Fig. 2B , lane 1) with a concomitant, yet reversible reduction of proteolytic activity (see below). Using a monospecific antibody directed against 3C [18] , the identity of the higher molecular weight components was confirmed by immunoblotting (not shown). Confirming earlier observations the data show that Cys-24 is responsible for 3C dimerization [6, 24] . The process can be suppressed effectively applying reducing conditions.
Dimerization affects the proteolytic activity of 3C
To assess the role of dimerization on the proteolytic activity of 3C, we developed a microassay using as substrate the chromogenic peptide Ac-ELRTQ-pNA that represents the 2B/2C
cleavage site in the HAV polyprotein (see Fig. 1 ). This peptide comprises the P1 to P5
positions on the N-terminal side of the scissile bond, and has been described as the most potent peptide substrate [19] . elsewhere for 3C proteinases of other picornaviruses [19, 32] . In the presence of competing peptides or leupeptin, the proteolytic activity was reduced by a factor of two to five (data not shown). No effect on the proteolytic activity of 3C was observed upon addition of the control peptide H 2 N-PGRAF-OH.
In order to estimate the effect of dimerization on the proteolytic activity, the microassay was performed with freshly prepared protein and after storage for various periods of time, applying reducing or non-reducing conditions. Freshly prepared proteinase was immediately subjected to SDS-PAGE, and to the microassay in order to correlate the dimerization status to the enzyme activity. Under these conditions the proteolytic activity was deliberately set at 100% as a reference. Upon transfer of wild type 3C or the mutants to DTT-free buffer, they were again analyzed by SDS-PAGE in the presence or absence of DTT, and their enzymatic activity was assayed. As expected, the mutants C24S and C24S/C172A were monomeric (see above) and C24S was fully active. Although 10% of wild type 3C was found as dimers in this experiment, the enzyme was still fully active (100%) when compared to the activity of the freshly prepared protein ( Table 1) . Addition of DTT completely restored the monomeric state of the enzymes. After protein storage in DTT-free buffer for 10 days at 4°C, 50% of the wild type enzyme was dimerized, and had lost 95% of its activity. Various kinds of modifications might be responsible for the loss of enzyme activity independent of dimerization [24] . The proteolytically inactive mutant C172A was almost completely dimerized. The mutant C24S
was still in its monomeric state, but had lost 20% of its activity. This indicates that the active site Cys residue at position 172 is less susceptible to reduction. Upon addition of DTT to these preparations, enzymatic activity was largely recovered along with a complete reconstitution of the monomeric states. Taken together, the data suggest that prolonged 3C storage in DTT-free buffer resulted in 3C dimerization mostly via Cys-24, with a concomitant loss of proteolytic activity that may be recovered by reduction.
To determine the role of Cys-24 of 3C in HAV replication, this amino acid residue was replaced by a serine in an infectious full-length cDNA construct. After transfection of synthetic transcripts bearing the respective mutation, viral replication was assessed by the detection of viral antigen and infectious virus was rescued [4] . After RT-PCR amplification of the rescued viral RNA, nucleotide sequence analysis showed that the serine at amino acid position 24 of 3C was retained and that no second site mutation in 3C had occurred (data not shown). The specific infectivity of the infectious RNA carrying the 3C mutation was approximately reduced by 2 orders of magnitude. This indicates that 3C dimerization via Cys-24 is not a prerequisite for virus replication, but that it improves overall replication.
Binding affinity of a substrate peptide to HAV 3C and mutants
In order to determine the binding affinities of peptides Ac-ELRTQ-pNA and Ac-LRTQ-pNA to 3C and its mutants, we employed surface plasmon resonance (SPR) experiments. The peptides were injected over a biosensor surface to which purified monomeric 3C had been (Table 2 ). In general, the closeness of the fit was better for the analyte Ac-LRTQ-pNA, and for data sets where the highest analyte concentration were omitted before the curve fitting.
We also performed a kinetic analysis of the data although the binding kinetics of this system were at the limit of the surface plasmon resonance technique. These analyses utilized the global fitting features of the BIAevaluation software and revealed that association and dissociation reactions were both slow ( Table 2 , A and B). At higher peptide concentrations a significant residual bulk effect was observed, especially for Ac-ELRTQ-pNA as analyte.
Applying corrections for this residual bulk effect as well as for mass transfer and a drifting baseline, good fits were obtained as reflected by the low χ 2 values that were all well below 10.
In an equilibrium analysis of the data, these corrections could be applied easily, and therefore rather poor fits were obtained ( Table 2 , C and D).
Saturation transfer difference (STD) NMR experiments
The peptides Ac-LRTQpNA, Ac-LAAQ-OH, Ac-LRTQFSFN-OH, Ac-WRTQFSFNL-OH, Ac-LRTQSGSNL-OH, and Ac-ARTQSFSNL-OH were subjected to an NMR binding study Our failure to detect any STD effects strongly suggests slow dissociation rate constants k off for all peptides. In turn, this implies rather low association rate constants k on given mM dissociation constants.
Binding affinity of viral RNA to 3C is significantly increased upon dimerization of the enzymes
By genetic and gel shift analyses, it was shown that a stretch of five highly conserved amino acid residues (KFRDI at HAV 3C amino acid positions 95 -99) is involved in 3C binding to viral RNA structures formed by the 5' terminal nucleotides of the viral RNA [13, 16] . To estimate the quantitative parameters of 3C-RNA binding, we now applied a Biacore analysis that is superior to traditional methods such as gel shift or filter binding assays. The RNA fragments comprising the 5´nucleotides 1-148 and 46-148 of the HAV genome were synthesized in vitro, biotinylated at the 3'-ends and bound to the sensor chip. This experimental setup was preferred over immobilization of 3C to the chip surface, since this assay format required only small amounts of RNA. Binding of mutants C24S and C24S/C172A to RNA was unaffected by the presence or absence of reducing agent.
In order to further explore the specificity of the RNA-3C interaction, HAV RNA46-148
was also immobilized on a sensor chip and subjected to a Biacore analysis. RNA46-148 lacks the 5´terminal stem loop structure, and was shown earlier by EMSA to interact less efficiently with 3C than RNA1-148 [16] . Indeed, we found that RNA46-148 formed complexes with 3C dimers with dissociation constants approximately 10 fold higher than observed for RNA1-148 (Table 3) .
To further confirm the effects of dimerization on 3C-RNA interaction, we performed EMSA as described previously [16] . Fig. 4 shows the altered electrophoretic mobility of radiolabeled RNA1-148 after incubation with 3C monomers or dimers. Under reducing conditions when most 3C molecules were present in their monomeric state, only small portions of RNA migrated with retarded mobility (Fig. 4B, lanes 2 to 5) . The majority of RNA molecules migrated as free RNA confirming that the interaction of RNA with monomeric wild type 3C or mutant C172A was weak (Fig. 4B, lanes 2 and 3) . In the absence of reducing agent, RNA mobility was completely unaffected by monomeric mutants C24S or C24S/C172A (Fig.   4A , lanes 4 and 5) when compared with free RNA (Fig. 4A, lane 1) . However, RNA interacting with dimeric proteins (wild type 3C and mutant C172A) that were generated under non-reducing conditions, resulted in a clear band shift (Fig. 4A, lanes 2 and 3) . Mutant C172A
shifted the mobility of RNA1-148 to a slower migrating position than wild type 3C suggesting that mutant C172A formed more stable RNA complexes. Our findings based on SPR interaction studies and EMSA clearly indicate that 3C binds to viral RNA more efficiently in its dimeric form than in its monomeric state.
Substrate peptides modulate HAV 3C binding to viral RNA
The dual function of HAV 3C in polyprotein processing and RNA binding has so far only been studied in independent experimental systems [16, 18, 19, 23] . Due to experimental limitations, possible mutual effects were not shown. We initially assayed the cleavage of the chromogenic substrate in the presence of up to a 15-fold molar excess of viral and control RNAs (not shown). Owing to the low binding constant of wild type 3C to RNA1-148(see Table 3 ) it can be estimated that under these conditions only 4 to 10% of the total 3C was bound to RNA. corresponding to approximately all of the peptide binding pockets being occupied, a significant increase in RNA-binding was observed in all instances. Under the same experimental conditions, no effect on RNA binding was observed with the control peptide PGRAF (Fig. 5 right panel). The peptides alone did not interact with viral RNA (Fig. 5 dotted-dashed lines) .
Equivalent results were obtained for the mutant C172A, but no effects of enhanced binding upon addition of peptide ligands was observed for the mutants C24S and C24S/C172A. To rule out the possibility that the increased response in the Biacore experiment was due to dimerization of the enzyme via disulfide bridges, we tested the dimerization status of the proteins at the time of injection of the sample. There was no indication that the addition of peptides induced an accelerated dimerization of the protein. Therefore, these data indicate that binding of HAV 3C to viral RNA is enhanced at elevated substrate concentrations and they suggest that RNA and substrate bind cooperatively to 3C.
DISCUSSION
Viral proteinase 3C catalyzes cleavage at defined sites in the viral polyprotein, and binds specifically to viral RNA structures formed at the 5' and 3' termini of the viral genome. By genetic analyses, both functions were mapped and their biological role in the polioviral life cycle was directly shown [14] . In all previous investigations the mutual effect of RNA binding and proteolytic activities was not studied in detail. To address this functional duality of HAV 3C on the molecular level, we applied SPR (Biacore) experiments. This method analyzes biomolecular interactions in real time, and also allows monitoring low affinity or transient interactions. Moreover, this technique is useful to determine heterologous binding of complex ligands to a solid phase partner [21, 22] .
We had previously demonstrated the interaction specificity for certain secondary structures formed by the viral RNA [16] . To compare binding of various forms of 3C and to assess the effect of peptide ligands on RNA binding, these studies were extended here using SPR technology. In order to preserve the RNA native folding, a capture technique with the 3´end of the RNA immobilized to the chip was employed. Extending our previous observations, we show now that dimerization of HAV 3C or mutants has a significant effect on the binding affinity towards viral RNA. Upon dimerization, the binding affinity increased from mM to µM K D values that might be explained by the creation of an extended RNA binding site comprising the KFRDI motif. Based on the crystal structure of HAV 3C proteinase [6, 7] we obtained models for the HAV 3C dimer as described in the experimental section. The disulfide bond formed by the cysteine residue at position 24 was put either in an anti, or in a gauche orientation as shown in Fig. 6 . In both cases the KFRDI motifs may form an extended RNA binding site. As an alternative explanation, the enhanced binding affinity might be due to bivalent binding of the enzyme to the immobilized RNA. Improved RNA binding of oligomeric proteins has been recently described for the HCV core protein and HIV REV [35, 28] . In contrast to our studies, for the HIV RNA-protein complex dissociation constants in the nM range were observed enabling a detailed kinetic analysis of the Biacore data, and indicating cooperativity of REV binding [28] .
The use of 3C variants mutated in their cysteine residues at amino acid positions 24 and 172 enabled us to control 3C dimerization in an easy way by changing the buffer conditions.
As picornaviral 3C mostly resides in the cytoplasm of the infected cells, it is highly unlikely that 3C dimerization through disulfide bridges might occur under the reducing conditions of this cell compartment, and might thus not play a major role in vivo. Even though dimerization of mature 3C has not been directly proven in HAV or poliovirus infected cells, experimental evidence clearly suggests that 3C precursors are prone to form homodimers [5, 37, Müller and Morace, unpublished observation]. For HAV, precursor 3ABC binds viral RNA even more efficiently than 3C [20] . It is generally assumed that the regulated formation of precursor and mature proteins encoded by the P3 domain of the picornaviral genome (see Fig.   1 ), their controlled enzymatic activities, and their half-lives are crucial in regulating the two major steps in the viral life cycle, namely viral protein and RNA synthesis. In both metabolic processes, 3C is a major player. We propose that our in vitro studies using biosensor technology reflect quite well the multiple interactions of precursor polypeptides that occur in infected cells.
Not only dimerization, but also binding of peptide substrates significantly improved 3C
binding to RNA (see Fig. 5 ). Since an unrelated peptide (PGRAF) that did not compete in the enzymatic assay had no effect on 3C binding to RNA, our data provide direct evidence that substrate peptide binding to the active site of 3C enhances RNA affinity of wild type 3C and the mutant with a wild type Cys-24 residue. Although the critical importance of Cys-24 at first sight might suggest that the increased Biacore responses were due to peptide-mediated 3C dimerization, no increase in 3C dimers was observed after SDS-PAGE of the protein-peptide complexes. The significantly increased SPR responses in the presence of peptides that bind to the active site of wild type 3C, or the C172A mutant may either be due to an allosteric interaction that rearranges the RNA binding site, or to an aggregation reaction that takes place during the binding process, and that is triggered by peptides binding to the active site of the enzyme. At the moment we cannot decide which of these explanations is more likely. In the light of previous crystallographic studies [5] , it is possible that peptide-enhanced 3C binding to RNA is due to conformational stabilization of the viral proteinase. Independent of its mechanism, it is unambiguous that the 3C interaction with viral RNA is modulated by the presence of peptides in a sequence specific manner.
We assume that substrate-enhanced and dimerization-depending interaction with RNA is a critical feature of 3C required to fulfill its multiple functions in the viral life cycle. Based on our observation that 3C dimerization is directly correlated with RNA binding and inversely related to its proteinase function, we propose that production of a critical mass of 3C (or its precursor) and its subsequent dimerization might reduce its proteolytic activity and promote RNA binding function. Whether this conformational and functional change is the major regulatory step in the switch from translation to replication [15] 
Figure 6 Models for the HAV 3C dimer
The disulfide bridge (located on the back of the molecules) was either anti (right picture) or gauche oriented (left picture). The KFRDI motifs in the adjacent monomers are highlighted.
The two 3C molecules of the dimer are shaded differently b) After purification in DTT-containing buffer, the proteins were directly subjected to the microassay or SDS-PAGE. c) Prior to the activity assay or SDS-PAGE, the proteins were transferred to DTT-free buffer and stored for approximately 10 days at 4°C.
TABLES
NA, not applicable. C172A and C24S/C172A mutants are proteolytically inactive due to the active site mutation. Figure 6
